DESCRIPTION 
Polarization Integrator 

Technical Field 

[0001] The present invention relates to improvements in polarization integrators for 
splitting unpolarized light into P-polarized light and S-polarized light, and for converting 
light of one polarization into light of the other polarization and integrating the light. Such 
polarization integrators desirably can be used, for example, in liquid crystal projectors. 
Background Art 

[0002] Fig. 7 illustrates, in a schematic block diagram, an example of a conventional 
liquid crystal projector. The liquid crystal projector includes a light source 1. The light 
source 1 is disposed within a dome-shaped or parabolic reflecting mirror 2 in order to 
increase the light utilization efficiency. Rays reflected from the light source 1 are 
parallelized by a collimator lens 3 and directed toward a first dichroic mirror DM1 by a first 
fully reflecting mirror M1 . The first dichroic mirror DM1 transmits only blue light B, 
reflecting other colors. Blue light B, having been transmitted through the first dichroic 
mirror DM1 , is focused on a liquid crystal panel LCI via a second reflecting mirror M2 and 
a first condensing lens CL1 . 

[0003] Light reflected by the first dichroic mirror DM1 is directed toward a second 
dichroic mirror DM2. The second dichroic mirror DM2 reflects only green light G, 
transmitting the remaining red light R. Green light G reflected by the second dichroic 
mirror DM2 is focused on the liquid crystal panel LC2 by a second condensing lens CL2. 
Red light R, having been transmitted through the second dichroic mirror, is focused on a 
third liquid crystal panel LG3 via a third fully reflecting mirror M3, a fourth fully reflecting 
mirror M4, and a third condensing lens CL3. 

[0004] The blue light B, green light G, and red light R focused on the first liquid crystal 
panel LCI, the second liquid crystal panel LC2, and the third liquid crystal panel LC3 are 
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integrated by a prism 4 after being transmitted tinrougin tine respective corresponding liquid 
crystal panels. The three primary colors integrated by the prism 4 are then projected by a 
projection lens 5 onto a (not shown) screen. 

[0005] As is widely known, a liquid crystal panel includes a plurality of pixels arranged 
in a matrix, and is capable of transmitting or blocking light by imparting an electrical signal 
to each pixel. To enable the blockage of light, the liquid crystal layer is sandwiched 
between two polarizing plates. In particular, light received by the liquid crystal panel is light 
polarized parallel to a predetermined straight line direction. But light radiated from light 
sources typically used in liquid crystal projectors is unpolarized light (or randomly 
polarized light). Therefore the utilization rate for projected light radiated from a light source 
and being transmitted through a liquid crystal panel is less than 14 of the light from that 
light source. In recent years, polarization integrators have been used to improve the low 
light utilization efficiency that results from using unpolarized light sources in liquid crystal 
projectors. 

[0006] Fig. 8 is a schematic cross-section depicting the basic principle of a polarization 
integrator (cf. Nobuo Nishida, "Large Screen Displays," Kyoritsu Publishing, 2002). In this 
polarization integrator, rays emitted from a light source 1 covered with a dome-shaped 
reflecting mirror 2 are parallelized by a collimator lens (not shown) and made incident on a 
polarizing splitting prism 11. The prism 11 includes a PBS (polarizing beam splitter) film 

12. The PBS film 12 operates to transmit P-polarized light and reflect S-polarized light 
from the light source. 

[0007] The polarizing direction of the P-polarized light transmitted through the PBS film 
12 is rotated by a V2-wave plate 13 and converted into S-polarized light. On the other 
hand, the S-polarized light reflected by the PBS film 12 is reflected by a fully reflecting 
mirror 14 and made parallel to the S-polarized light transmitted through the V2-wave plate 

1 3. The S-polarized light reflected by the fully reflecting mirror 14 and the S-polarized light 
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transmitted through the /4-wave plate 13 are then integrated by a lens (not shown), and 
the integrated S-polarized light is made incident on a liquid crystal panel. 
[0008] It should be noted that in Fig. 8, the V2-wave plate 13 is applied to the 
P-polarized light transmitted through the PBS film 12, but it will be appreciated that the 
!4-wave plate 13 conversely may also be applied to the S-polarized light reflected by the 
PBS film 12. In that case, the light-source beam is split into a P-polarized beam and an 
S-polarized beam. Once that S-polarized beam is converted into a P-polarized beam, the 
two P-polarized beams are integrated and made incident on a liquid crystal panel. 
Disclosure of Invention 

[0009] A polarization integrator of the type shown in Fig. 8 includes a polarizing 
splitting prism 11 . A prism of this type is undesirable from the standpoint of reducing the 
size of a liquid crystal projector. If the prism is fabricated of glass, it will be relatively heavy 
and difficult to machine. A prism may also be fabricated of a resin, but attendant on 
enhancement of projector luminosity, the resin's heat tolerance would then become an 
issue. Moreover, the PBS film requires many tens of layers of polarizing-splitter coatings 
using dielectric multilayer film, making it high in cost. 

[0010] In view of these problems with conventional polarization coatings, an object of 
the present invention is to make available a polarization integrator capable of reduced 
weight and size, with superior heat resistance, in a simple and low cost form. 
[0011] A polarization integrator of the present invention includes a polarizing beam 
splitter for splitting light from a light source into P-polarized light and S-polarized light, a 
first micro-lens, a !4-wave plate, and a second micro-lens, and is characterized in that: the 
first micro-lens is arranged so as to focus onto mutually differing positions the P-polarized 
light and S-polarized light split by the polarizing beam splitter; the 'J4-wave plate is 
arranged either in the position in which the P-polarized light or in which the S-polarized 
light is focused, and operates to convert either the P-polarized light or the S-polarized light 
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into S-polarized light or P-polarized ligint; the second micro-lens operates to integrate 
either the S-polarized light or P-polarized light, after it has been transmitted through the 
V2-wave plate and polarization-converted, with S-polarized light or P-polarized light not 
having been transmitted through the V^-wave plate; and at least one of the polarizing 
beam splitter, the first micro-lens, the /4-wave plate, or the second micro-lens is formed 
utilizing a DLC (diamond-like carbon) film. 

[0012] At least either the polarizing beam splitter or the !4-wave plate can be formed by 
a refractive index-modulated diffraction grating formed in a DLC film. At least the first 
micro-lens or the second micro-lens may be either a refracting lens or a refractive 
index-modulated diffraction lens, formed in a DLC film. Furthermore, a plurality of groups 
each being of the polarizing beam splitter, the first micro-lens, the !4-wave plate, and the 
second micro-lens may be cyclically arrayed within a section of a beam from a light 
source. This type of polarization integrator preferably may be used in a liquid crystal 
projector. 

Brief Description of Drawings 

[0013] Fig. 1 is a sectional diagram schematically depicting an example of a 
polarization integrator according to the present invention. 

[0014] Fig. 2 is a sectional diagram schematically depicting a method for fabricating 
the refracting micro-lens array included in the Fig. 1 polarization integrator using a DLC 
film. 

[0015] Fig. 3 is a sectional diagram schematically depicting a stamping method which 
may be utilized as the method for fabricating the Fig. 2 refracting micro-lens. 
[0016] Fig. 4 is a sectional diagram schematically depicting the DLC film diffracting 
micro-lens included in the Fig. 1 polarization integrator. 

[0017] Fig. 5 is a sectional diagram schematically depicting a method for fabricating 
the Fig. 4 diffracting micro-lens. 
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[0018] Fig. 6 is a sectional diagram schematically depicting the DLC film polarizing 
beam splitter included in the Fig. 1 polarization integrator. 

[0019] Fig. 7 is a sectional diagram schematically depicting a conventional liquid 
crystal projector. 

[0020] Fig. 8 is a sectional diagram schematically depicting the basic principles of a 
conventional polarization integrator. 
Best Mode for Carrying Out the Invention 

[0021] First, in the process of making the present invention the inventors confirmed 
that a refractive index can be increased by making an energy beam incident on a 
transmissive DLC (diamond-like carbon) film. Such DLC films can be formed using 
plasma CVD (chemical vapor deposition) on a silicon substrate, a glass substrate, or 
various other types of substrate. Translucent DLC film thus obtained by plasma CVD 
normally has a refractive index of approximately 1 .55. 

[0022] An ion beam, electron beam, synchrotron radiation (SR) light, ultraviolet (UV) 
light, etc. may be used as an energy beam for increasing the refractive index of a DLC 
film. It is currently confirmed that among these energy beams, irradiation with of He ions 
permits a maximum change in DLC film refractive index of up to approximately An = 0.65. 
Irradiation with SR light also currently permits a maximum change in DLC film refractive 
index up to approximately An = 0.50. Furthermore, a maximum increase in DLC film 
refractive index of approximately An = 0.20 can be also be achieved using UV irradiation. 
It will be seen that these amounts of change in refractive index using energy beams to 
irradiate a DLC film are extraordinarily large compared to the change in refractive index 
effected by conventional glass ion exchange (a maximum of An = 0.17) or to the change in 
refractive index caused by UV irradiation of quartz glass (less than approximately An = 
0.01) 
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[0023] Fig. 1 is a sectional diagram scinennaticaliy depicting a polarization integrator in 
an example of an embodiment of the present invention. In this polarization integrator, a 
light source 1 is disposed within a dome-shaped or parabolic reflecting mirror 2. Light 
radiated from the light source 1 is parallelized by a collimator lens (not shown), then made 
incident on a polarizing beam splitter 51 . That is to say the polarizing beam splitter 51 
splits light from the light source into P-polarized light and S-polarized light. A first 
micro-lens 52 focuses the P-polarized beam on a >2-wave plate 53, and also focuses the 
S-polarized beam on the region where the !4-wave plate 53 is not disposed. 
[0024] The !4-wave plate 53 converts P-polarized light to S-polarized light. S-polarized 
beam transmitted through the V2-wave plate 53 and the S-polarized beam which has 
passed through the region where the V2-wave plate 53 is not disposed are integrated by a 
second micro-lens 54 and a lens 55 and made incident on a liquid crystal panel LC by a 
collimator lens CL. The polarizing plate included in the liquid crystal panel LC is of course 
arranged to accept S-polarized light. 

[0025] In the Fig. 1 example, the !4-wave plate 53 was applied to P-polarized light, but 
it will be understood that the V2-wave plate 53 may also be applied to S-polarized light. In 
that case, the light source beam is split into a P-polarized beam and an S-polarized beam 
by the polarizing beam splitter 51 , and after the S-polarized beam is converted to a 
P-polarized beam by the !4-wave plate 53, the two P-polarized beams are integrated and 
made incident on the liquid crystal panel LC. Of course the polarizing plate included in the 
liquid crystal panel LC is arranged to accept P-polarized light. 

[0026] The utilization rate of light source light in a liquid crystal projector can thus be 
improved by integrating unpolarized light from a light source into either S-polarized light or 
P-polarized light using a polarization integrator. In the present invention, at least one of 
the polarizing beam splitter, the first micro-lens, the V2-wave plate, and the second 
micro-lens which comprise the polarization integrator is formed using a DLC film. DLC film 
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is of course thin and light and has excellent heat resistance. Therefore enabling at least 
one of the polarizing beam splitter, the first micro-lens, the /4-wave plate, and the second 
micro-lens which comprise the polarization integrator to be formed using a DLC film 
permits a reduction in polarization integrator size, weight, and cost, and by extension, a 
reduction in the size, weight, and cost of liquid crystal projectors. 
[0027] Fig. 2 depicts a schematic sectional diagram of an example of a fabrication 
method for a refracting micro-lens array according to the present invention. Refracting 
micro-lens arrays of this type can be used as the first micro-lens 52 or the second 
micro-lens 54 shown in Fig. 1. 

[0028] In Fig. 2A, a mask layer 22 is formed on a DLC film 21 . Various materials 
capable of limiting transmission of the energy beam 23 may be used for the mask layer 
22; gold may be preferably used. The mask layer 22 has very small concavities 22a, 
aligned in an array. Each of those concavities 22a has a bottom surface comprising either 
a portion of an approximately spherical surface or a portion of an approximately cylindrical 
surface. The energy beam 23 is made incident on the DLC film 21 via the mask layer 22 
which includes those concavities 22a. 

[0029] In Fig. 2B, a micro-lens array 21a is formed in the DLC film 21 by removing the 
mask layer 22 after irradiation by the energy beam 23. That is, irradiation by the energy 
beam 23 causes a high refractive index region 21a array to be formed in the DLC film 21 
corresponding to the mask layer 22 array of the concavities 22a. At that point, the mask 
layer concavities 22a have a spherical or cylindrically shaped bottom surface; therefore 
the thickness of the mask layer increases from the center portion to the perimeter of the 
concavities 21a. This means, in other words, that the energy beam 23 can more be more 
easily transmitted through the center portion than through the perimeter of the concavities 
22a. Therefore the depth of the high refractive index region 21a has a spherical convex 
lens or cylindrical convex lens shape, and is deeper at the center portion thereof and 
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shallower at the perimeter. As a result, each of the high refractive index regions 21a can 
operate as is as single micro-lenses. 

[0030] When fabricating a micro-lens array using an energy beam 23 as shown in Fig. 
3, adjusting the depth of the spheroid or cylindroid concavities 22a permits adjustment of 
the thickness of the micro-lens 21a; i.e. the focal length can be adjusted. Even if the depth 
of the concavities 22a is not adjusted, the micro-lens 21a focal length can be adjusted by 
varying the transmissivity of the energy beam 23 being made incident. For example, if an 
He ion beam is used as the energy beam 23, the focal length of the micro-lens array 21a 
can be shortened by increasing the ion acceleration energy thereof to increase 
transmissivity. The change An in the refractive index increases as the energy beam 23 
dose increases with respect to the DLC film, so that the focal length of the micro-lens 21a 
can also be adjusted by adjusting the dose. 

[0031] A mask comprising approximately spherical or approximately cylindrical 
concavities 22a as shown in Fig. 2Amay be fabricated by various methods. For example, 
a mask layer 22 of uniform thickness can be formed on a DLC film 21, on top of which is 
formed a resist layer with tiny arrayed holes or parallel arrays of linear openings. By 
isotropically etching starting from the tiny holes or linear openings in the resist layer, 
approximately spherical or approximately cylindrical concavities 22a can be formed within 
the mask layer 22 under those very small holes. 

[0032] A mask layer 22 comprising concavities 22a, having approximately spherical or 
approximately cylindrical bottom surfaces as shown in Fig. 2A, can be easily fabricated 
using a stamp die capable of fabrication by the method schematically depicted in a section 
view in Fig. 3. 

[0033] In Fig. 3A, a resist pattern 32 is formed, for example, on a silica substrate 31 . 
The resist pattern 32 is formed on a plurality of very small circular regions disposed in an 
array or on a plurality of fine banded regions arrayed in parallel on a substrate 31 . 
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[0034] In Fig. 3B, a resist pattern 32 is Ineated and melted. The resist 32a, having 
melted on each of the very small circular regions or fine band-shaped regions, takes on an 
approximately spherical or approximately cylindrical convex lens shape due to its surface 
tension. 

[0035] In Fig. 3C, RIE of the silica substrate 31a together with the approximately 
convex lens-shaped resist 32b causes etching of the silica substrate 31a as the RIE 
(Reactive Ion Etching) causes the diameter or width of the resist 32b to shrink. 
[0036] As a result, a silica stamping die 31c, arrayed with approximately spherical or 
approximately cylindrical convex portions 31b, is ultimately obtained as shown in Fig. 3D. 
The height of the convex portions 31b can be adjusted by adjusting the relative 
percentages of the etching speed of the resist 32b and the etching speed of the silica 
substrate 31a in Fig. 3C. 

[0037] The stamping die 31c thus obtained may be preferably used to fabricate the 
mask layer 22 including concavities 22a such as those shown in Fig. 2A. That is, if the 
mask layer 22 is formed with, for example, a gold material, the excellent ductility of gold 
means that the concavities 22a can be easily formed by stamping with the stamping die 
31 c on the gold mask layer 22. Because the stamp die 31 c can be used repeatedly once it 
is fabricated, the concavities 22a can be formed far more easily and inexpensively 
compared to forming the concavities 22a in the mask layer 22 by etching. 
[0038] The refracting micro-lens array using DLC film according to the present 
invention enables a higher refractive index lens to be formed by irradiation with an energy 
beam compared to conventionally used glass substrates, thus enabling the forming of 
refractive micro-lens arrays in DLC film, which is far thinner than glass substrates. 
However, even with a refractive micro-lens using a DLC film, a thinner DLC film is required 
compared to the diffraction-type micro-lenses described below; a thickness of 
approximately 10 to 20 jum is required (as an example of a micro-lens using the diffraction 

-9- 



effect, cf. "Ultra Precise Processing and High Volume Manufacturing Technology for Micro 
Lens (Arrays)," Technical Information Institute Co., Ltd., 2003, pp. 71-81). 
[0039] The schematic plan view of Fig. 4A and the schematic sectional view of Fig. 4B 
depict a diffracting micro-lens according to another embodiment of the present invention. 
In particular, the refractive index-modulated diffracting micro-lens can be fabricated 
extraordinarily thinly compared to refracting micro-lenses. Diffracting micro-lenses can be 
fabricated in a DLC thin film of about 1 to 2 fjm in thickness. That is, the refracting 
index-modulated diffracting micro-lens 40 is fabricated using a DLC film 41, and includes 
a plurality of concentric band-shaped ring regions Rmn. Here the term Rmn indicates the 
n*^ band-shaped ring region in the m*^ ring zone, and also indicates the diameter from the 
center of the concentric circles to the outer perimeter of the band-shaped ring region. The 
further away the band-shaped ring region Rmn gets from the center of the concentric 
circles, the more its width will be reduced. 

[0040] Adjacent band-shaped ring region Rmns have respectively different refraction 
indexes. The Fig. 4 diffracting micro-lenses, when they are diffraction lenses which 
include two levels of refractive index modulation, will include up to an m = 3^^ ring zone, 
which includes up to an n = 2"^ band-shaped ring region. Within the same ring zone, the 
inner band-shaped ring region has a higher refractive index than on the outside. 
[0041] As may be conjectured from the above, in diffraction lenses having four levels 
of refractive index modulation, one ring zone includes band-shaped ring regions up to n = 
4*^. In this case, as well, the refractive index increases within a given ring zone closer to 
the center of the concentric circles. That is, four stages of refractive index change are 
formed from the inner perimeter side to the outer perimeter side of a single ring zone. The 
cycles of those four stages of change in refractive index are repeated m times for each 
ring zone. 
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[0042] The outer perimeter radius of the band-shaped ring region Rmn can be 
established according to Eq. (1) below, based on diffraction theory, including scalar 
approximation. In Eq. (1), L indicates lens diffraction level, X indicates light wavelength, 
and f indicates lens focal length. The maximum refractive index change amount An must 
be capable of producing a maximum phase modulation amplitude of Acj) = 2;r(L - 1)/L. 
Equation 1 



[0043] The Fig. 5 schematic sectional diagram depicts an example of a method for 

fabricating a two-level diffracting micro-lens of the type shown in Fig. 4. 

[0044] In Fig. 5A, a Ni conductive layer 42, for example, is formed on the DLC film 41 

by the EB (electron beam) vapor deposition method. A resist pattern 43 is formed on this 

conductive layer 42 to cover the band-shaped ring region Rmn (m = 1 -3) corresponding to 

n = 1 in Fig. 4. A gold mask 44 is formed on the opening portion of that resist pattern 43 by 

electroplating. 

[0045] In Fig. 5B, the resist pattern 43 is removed, leaving the gold mask 44. The 
energy beam 45 is made incident on the DLC film 41 through the opening portion in the 
gold mask 44. That results in an increase in the refractive index of the band-shaped ring 
region (41a) Rml irradiated by the energy beam 45, while the original refractive index of 
the DLC film is maintained in the band-shaped ring region (41 b) Rm2 masked off from the 
energy beam 45. That is, a two level diffracting micro-lens of the type shown in Fig. 4 is 
obtained. 

[0046] In the Fig. 5 example, a mask layer is formed on each DLC film, but needless to 
say the DLC film can also be irradiated with an energy beam using a separately fabricated 
independent mask. It will be understood that multiple level diffracting micro-lenses can be 
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obtained by repeated energy beam irradiation of the DLC film using a mask with 
sequentially adjusted patterns. 

[0047] Furthermore, by stamping a gold mask layer on a DLC film using a stamping die 
including concentric band-shaped ring regions of multiple thickness stages, rather than 
with the type of stamping die shown in Fig. 3D, and irradiating with an energy beam via the 
stamped gold mask layer, it is also possible to fabricate a multi-level diffracting micro-lens 
with a single pass of energy beam irradiation. 

[0048] Moreover, although we explained a diffracting micro-lens corresponding to a 
diffraction lens cylindrical convex lens in the above embodiment of a diffracting 
micro-lens, it will be understood that the present invention can also be applied to a 
diffracting micro-lens corresponding to a refracting-lens cylindrical convex lens. In that 
case, a plurality of refractive index-adjusted parallel band-shaped regions should be 
formed in lieu of a plurality of refractive index-adjusted concentric band-shaped ring 
regions. In that case, the plurality of refractive index-adjusted parallel band-shaped 
regions of the Fig. 4B sectional diagram, for example, would stretch vertically with respect 
to the paper plane on which the diagram appears. In that case the gold mask 44 in Fig. 5B 
should also stretch vertically with respect to the paper plane of the diagram. 
[0049] Moreover, in the present invention the polarizing beam splitter 51 of Fig. 1 can 
be fabricated using DLC film. That is, the polarizing beam splitter 51 includes a refractive 
index-modulated diffraction grating formed in a DLC film. The ability to perform 
polarization splitting with a diffraction grating is explained in Applied Optics, Vol. 41, 2002, 
pp. 3558-3566, for example. 

[0050] Fig. 6 depicts a schematic sectional diagram of a polarizing beam splitter 51 A 
comprising a DLC film with a refractive index modulation diffraction grating. That is, the 
DLC film 51 A includes a relatively low refractive index region 51a and a relatively high 
refractive index region 51b. The low refractive index region 51a is a region not been 
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irradiated by tine energy beam. It has a refractive index, for example, of 1 .55. On tine otiner 
hand, the high refractive index region 51b has been irradiated with SR (synchrotron 
radiation) light under synchrotron conditions of, for example, 620 (mA/min/mm^), and the 
refractive index has been raised, for example, to 1 .90. The interface between the high 
refractive index region 51b and the low refractive index region 51a is inclined at 40 
degrees, for example, with respect to the DLC film surface. 

[0051] A polarizing beam splitter 51 A of this type may be fabricated as described 
below. For example, a gold mask having a line and space pattern in which 0.5 jum wide 
gold stripes are arrayed in a repeated pattern with a cycle of 1 fjm can be formed on a 
DLC film. SR light should then be made incident at a 40 degree angle with respect to the 
DLC film surface, in a direction perpendicular to the longitudinal direction of the gold 
stripes. 

[0052] If light containing S-polarized light and P-polarized light is made incident on a 
DLC film polarizing beam splitter 51 as depicted in Fig. 6, the S-polarized light will pass 
through as zero order diffracted light (corresponding to a TE wave), and the P-polarized 
light will be diffracted as first order diffracted light (corresponding to a TM wave). That is, 
the P-polarized light and the S-polarized light are split from one another. 
[0053] In addition, the !4-wave plate in Fig. 1 can also be fabricated using the DLC film 
of the present invention. That is, the action of the !4-wave plate can be caused to arise 
using a DLC film which includes a diffraction grating similar to the refractive index 
modulation diffraction grating depicted in Fig. 6. A V2-wave plate 53 of that type can be 
fabricated as described below. For example a gold mask having a line and space pattern 
in which 0.5 jum wide gold stripes are arrayed in a repeated pattern with a cycle of 1 jum 
can be formed on the DLC film. SR light should thereafter be irradiated in a vertical 
direction with respect to the DLC film surface. By passing P-polarized light, for example, 
through a DLC film V2-wave plate 53 which includes a refractive index-modulated 
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diffraction grating obtained as described above, tine linear polarized light plane thereof is 

rotated 90 degrees and converted to S-polarized light. Of course it is also possible to 

convert S-polarized light to P-polarized light using the V2-wave plate. 

[0054] Fig. 7 depicts a transmissive liquid crystal projector, but needless to say the 

polarization integrator of the present invention can also be applied as is to a 

reflecting-type liquid crystal projector (see ibid, "Large Screen Displays). 

[0055] As discussed above, in the present invention at least one of the polarizing beann 

splitter, the first micro-lens, the V^-wave plate, and the second micro-lens included in a 

polarization integrator are formed using a DLC film, thus enabling simpler and lower cost 

provision of a lighter and more compact polarization integrator. 

Industrial Applicability 

[0056] The polarizing beam splitter of the present invention can be reduced in weight 
and size and provided more simply and at a lower cost. Such a polarizing beam splitter 
also enables the weight, size and cost of liquid crystal projectors to be reduced. 
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